The past two decades have seen numerous developments in the understanding of the origins and biology of papillary thyroid carcinoma. Advances in molecular biology, clinicopathologic studies of new entities, facility with fine-needle aspiration biopsy, and new radiologic imaging techniques have allowed for earlier diagnosis of these tumors. However, these advances have also caused controversies in cytologic and histopathologic diagnoses as well as therapy decisions. This paper will focus on several pathologic aspects of papillary carcinoma, which impact on its biology and prognosis.
Introduction
This review will cover clinical and pathological aspects of papillary carcinoma and its major variants. Emphasis will be placed on diagnostic features and prognostic factors.
Clinical Aspects
In the United States, thyroid carcinoma comprises about 1% of all cancers and accounts for 0.2% of cancer deaths. 1, 2 Most of these cancers are of the papillary type. This is the most common malignant tumor of the gland in countries having iodinesufficient or iodine-excess diets, and comprises about 80-85% of thyroid malignancies. These common tumors tend to be biologically indolent and have an excellent prognosis (survival rates of 495% at 25 years). Papillary carcinoma can occur at any age and rarely has been diagnosed as a congenital tumor. Most tumors are diagnosed in patients in the third to fifth decades of life. Women are affected more frequently than men in ratios of 2:1 to 4:1. [3] [4] [5] [6] Papillary carcinoma can occur in children, although most series include individuals who are teenagers in this group. There are certain distinctive histopathologic appearances in young patients, which are rarely seen in adults (these are reviewed below).
The epidemiology of papillary thyroid carcinoma has evoked much interest. Studies from different regions of the world have compared incidences of this tumor from populations living in mountainous areas of the world vs people living near or at sea level. Dietary iodine concentrations appear to influence the incidence, and in some cases, the morphology of the papillary carcinomas. 7 Perhaps the most important relationship in regard to the etiology of papillary thyroid cancer is the association with radiation. 8 In the middle part of the last century, thyroid carcinomas were diagnosed frequently in individuals who had been treated with low-dose radiation to the head and neck for benign disease (hemangiomas, lymphangiomas, enlarged thymus, enlarged tonsils, and adenoids). 9, 10 Subsequent to these reports, thyroid cancers (usually papillary) were recognized in survivors of the atomic bomb attacks on Japan at the end of World War II. 11, 12 Later, unusual thyroid tumors occurring in subjects living in areas near underground and/or underwater as well as above ground nuclear bomb tests were noted. 13, 14 In the last quarter of the twentieth century with the increasing use of radiation therapy, survivors of cancers of various organs whose tumor had been treated with radiation were found to develop papillary thyroid cancers as 'second primaries.' 15 These were in part attributed to the fact that radiation to the neck damaged the thyroid follicles and caused relative hypothyroidism; appropriate physiological responses to this decline in function included increased secretion of pituitary thyrotropin (TSH). It has been speculated that TSH stimulation of damaged follicular epithelium (breaks in DNA leading to mutations and translocations) was causing neoplastic transformation of the thyroid cells (of course, the possibility that these individuals had underlying subtle genetic defects, which predisposed them to the development of multiple neoplasms, must also be considered).
Finally, the episode of the explosion and fire at the nuclear power plant in Chernobyl in the former USSR in April 1986 was followed by what is now known as an 'epidemic' of thyroid carcinoma especially in children under age 15 years at the time of the accident, some of whom were in utero. [16] [17] [18] [19] The availability of biosamples from many of these patients has been coordinated through an international effort (the Chernobyl Tissue Bank); nucleic acids from tumor tissues, uninvolved thyroid, metastases, and blood have been distributed to many laboratories throughout the world in efforts to understand at the molecular and proteomic level the development of thyroid cancer and radiation carcinogenesis in general. 20 These ongoing studies have produced important, but sometimes controversial, results; however, the Chernobyl accident has engendered many projects involving the pathology of thyroid carcinoma, especially papillary subtypes. (Indeed, the international effort included the appointment of an international panel of thyroid pathologists to examine and render consensus diagnoses on the cases of thyroid cancer occurring in the exposed populations 20, 21 .) The rest of this review will focus on pathologic aspects of papillary thyroid carcinoma in general, the common important subtypes and their clinicopathologic, molecular, and epidemiologic correlates.
Pathology
The gross appearance of papillary thyroid cancer is quite variable. The lesions may appear anywhere within the gland. By definition, typical papillary carcinomas often average 2-3 cm, although lesions may be quite large or commonly subcentimeter in size. The lesions are firm and usually white in color with an invasive appearance. Lesional calcification is a common feature. Owing to the extensive sclerosis, the lesion may grossly resemble a scar, especially in small lesions, which tend to be found in a subcapsular location in the gland. In addition, cyst formation may be observed. In fact, some lesions may be rarely almost completely cystic making diagnosis difficult. 3, 4, 22 Microscopically, papillary carcinomas share certain features. The neoplastic papillae contain a central core of fibrovascular (occasionally just fibrous) tissue lined by one or occasionally several layers of cells with crowded oval nuclei. 3, 4, [22] [23] [24] [25] [26] The tumors invade lymphatics leading to multifocal lesions and to regional node metastases.
Venous invasion rarely occurs and metastases outside the neck are unusual (5-7% of cases). Some data is available suggesting that this finding alone is predictive of a more aggressive behavior. 27 Whether the lymphatic invasion itself causes the 'multifocality' by intraglandular spread and 'take' in distinct foci within the thyroid or whether these foci represent true independent clonal proliferations is still debated. In the author's opinion both can occur.
The author theorizes that those glands with multiple small tumors more often possess multiple independent clones in which the morphology of the different tumor foci is distinct one from the other and is consistent with the concept that these represent different clones.
On the other hand, glands with a large clinical papillary cancer and multiple small intrathyroidal foci are 'lymphatic metastases,' the first mechanism seems more apt. 3, 4, 22, [28] [29] [30] Most of these tumors will be composed predominantly or focally of papillary areas ( Figure 1) . A large number will contain follicular areas as well. (The presence of follicles does not indicate follicular variant of papillary carcinoma; in my view, the follicular variant of papillary carcinoma must be completely follicular in pattern (see below).) The tumor cells are usually cuboidal or columnar. Clear nuclei are found in over 80% of such lesions, intranuclear inclusions in about 80-85%, and nuclear grooves are seen in almost all the cases. 3, 4, 26, [31] [32] [33] Mitoses are exceptional in usual papillary carcinoma. Psammoma bodies that represent the 'ghosts' of dead papillae are differentiated from dystrophic calcifications by lamellations. True psammoma bodies are formed by focal areas of infarction of the tips of papillae attracting calcium that is deposited on the dying cells. 34, 35 Another proposed theory invokes the mechanism of intracellular accumulation of calcium by tumor cells that lead to their death and release of the calcium. 36 Progressive infarction of the papilla and ensuing calcium deposition lead to lamellation. Psammoma bodies are usually present within the cores of papillae, in the tumor stroma, or in lymphatic vessels, but not within the neoplastic follicles (colloid). 37 (The phenomenon of calcification of colloid is most problematic in oncocytic (Hurthle cell) nodules and tumors. Herein, the calcification is not lamellated and conforms to the shape of the colloid. The reason for the association of this type of calcification with oncocytes is not known, but is probably related to abnormal physicochemical properties of the colloid produced by oncocytes 37 .) The presence of psammoma bodies in a cervical lymph node is evidence of a papillary carcinoma in the thyroid. 35 Only rarely are psammoma bodies found in the thyroid in benign conditions (o1% of these bodies are in benign glands). 37 (The author always wonders whether these reflect a tiny microcancer that has not been sampled or has involuted.)
Regional lymph node metastases are extremely common (50% of more) at initial presentation of usual papillary cancer. This feature does not apparently adversely affect long-term prognosis especially in patients under age 45 years at diagnosis. Some patients will present with cervical node enlargement and will have no clinically obvious thyroid tumor. Not infrequently the nodal metastasis will involve one node that may be cystic. Why only one node is involved is not explained. 38 Distant metastases of papillary carcinoma to lungs and bones occur in 5-7% of cases. 39 Despite the presence of multiple metastases, however, survival may still be prolonged, especially if the metastases can be treated with radioiodine. In ordinary papillary carcinoma, death is uncommon.
Nuclear features of papillary carcinoma
Although the initial diagnostic criterion for the diagnosis of papillary thyroid carcinoma was the presence of papillary growth pattern, in the latter half of the last century, nuclear criteria for the diagnosis became important as well. In the past few decades, the nuclear features have become the diagnostic hallmark of the tumor and growth pattern is of lesser or minimal importance. Indeed, the WHO definition of papillary thyroid carcinoma reflects this. 25 The nuclei of papillary cancer have been described as clear, ground glass, empty, or Orphan Annie eyed. 26, 31 These nuclei are larger and more oval than normal follicular nuclei and contain hypodense chromatin. In papillary cancer, these nuclei often overlap one another (Figure 2) . Although cleared nuclei are characteristic of papillary carcinoma, autoimmune thyroiditis, particularly Hashimoto's disease, often shows similar nuclear changes. 40, 41 Intranuclear inclusions of cytoplasm are often found. Another characteristic of the papillary cancer nucleus is the nuclear groove. Nuclear grooves may be seen in other thyroid lesions including Hashimoto's disease, adenomatous hyperplasia, and diffuse hyperplasia as well as in follicular adenomas (particularly hyalinizing trabecular tumor). 25 
What Makes the Nuclei Like This?
The answer to that question is not understood. Ultrastructural studies failed to answer the dilemma. In 1998, Fischer et al 42 showed that transfecting thyroid cells with ret oncogene produced morphological changes that mimicked those seen in papillary carcinoma. However, this work has not been further elucidated.
Recent work from Italy has shown that immunohistochemical staining for the protein emerin shows distinctly different patterns between papillary carcinoma nuclei and those of normal thyroid or benign conditions. The staining was characteristic in both cytological and histological preparations. This work needs to be reproduced in other laboratories, but although it may be clinically useful, it does not explain the curious morphology of the nucleus. 43 
Nuclear Mimics
Benign conditions of the thyroid can show abnormal nuclear morphology. This is most pronounced in moderate to severe Hashimoto thyroiditis, although similar changes can be found in the glands of patients with Graves' disease and in nodular goiter. In some cases of nodular goiter, the nuclear clearing and inclusions are so pronounced as to be present in every cell. Most thyroid pathologists consider this as an artifact (possible of fixation). The helpful diagnostic clue in these cases is the diffuse nature of the process. If these glands were affected by papillary carcinoma, it would be involving the entire gland without mass lesion effect (that does not happen).
An additional interesting question is why is there an increased incidence of epithelial tumors (usually papillary carcinoma), especially microcarcinomas in Hashimoto disease, an autoimmune process 44 ? In similar situations in other organs (celiac disease, Sjorgren's syndrome), when tumors arise in affected organs, they are usually malignant lymphomas and epithelial malignancies are rare. In contrast, although malignant lymphoma does arise on the background of Hashimoto disease, it is rare in comparison with the frequency of carcinoma, especially micropapillary tumors, which are often multifocal.
In the other classical autoimmune thyroid disorder (Graves' disease), cancer is rare and lymphoma is very unusual. These situations currently are unexplained.
Although these questions require additional study, the morphology of the nuclei is helpful for establishing the diagnosis of papillary carcinoma. As they are so characteristic, they allow for a cytologic diagnosis of papillary cancer. In the National Cancer Institute categorization, the 'suspicious for cancer' and the unequivocal 'malignant' diagnostic categories are essentially reserved (with few exceptions) for papillary carcinoma. 26 
Prognostic Factors
Poor prognostic factors in papillary carcinoma include older age at diagnosis, male sex, large tumor size, and extrathyroidal growth. Pathologic variables associated with a more guarded prognosis include less differentiated or solid areas, vascular invasion, and aneuploid cell population. 3, 4, 37, 45, 46 Whether certain subtypes of papillary carcinoma are in and of themselves associated with more aggressive clinical behavior are unclear. However, at least four subtypes should be mentioned in this regard: tall cell variant, diffuse sclerosis variant, solid variant, and follicular variant.
Tall cell variant
Tall cell variant makes up 10% of the papillary cancers. The tumor is usually large (46 cm), extends extrathyroidally, and shows mitotic activity and vascular invasion more often than classical papillary cancer. The tumor tends to occur in elderly patients. 24 The tall cell is twice as tall as it is wide and its cytoplasm is often eosinophilic. Tall cells should represent 50% or more of the papillary carcinoma cells to make the diagnosis of tall cell variant. 24, 25, 47 The tumors show an extensive papillary pattern (Figures 3 and 4) .
Local recurrences with invasion of the trachea can be seen and this complication may be fatal. Dedifferentiation to squamous cell carcinoma (anaplastic carcinoma) has been described. 48 (In cases of anaplastic carcinoma, which apparently arise in association with tall cell papillary carcinoma, the presence of hemorrhagic areas with granulation tissue and focal squamous metaplastic foci may be noted in the original tumor. As the length of time between the diagnosis of the primary and the anaplastic tumors is often prolonged (5-10 years), it is considered highly unlikely that these foci of squamous change represent anaplastic carcinoma.)
Flow cytometry studies, although limited in number, have failed to reveal differences between typical papillary carcinoma and the tall cell variant. 49 The prognosis for this variant is less favorable than for usual papillary cancer (with estimated 10 year survival rates of 75%). Although it was believed that the poor outcome in these tumors may be secondary to the fact that these tumors are often associated with poor prognostic variables (older age, extrathyroidal spread, necrosis, and high mitotic rate), the work of Ghossein et al 50 has shown that even tall cell cancers that are contained within the thyroid and that are small can be clinically aggressive.
We have noted 51 that tall cell microcarcinomas also are associated with a less favorable clinical behavior when compared with usual or follicular variant micropapillary carcinoma. We found in our series that tall cell microcarcinoma was more often extrathyroidal (50% vs 10%) lymphovascular invasion (28% vs 10%) and nodal metastases (36% vs 10%) than classical or follicular variant microcarcinoma.
The interesting finding that tall cell papillary carcinoma frequently harbors Braf mutations (and tumors with this molecular signature tend to be aggressive) has been noted from many laboratories. [52] [53] [54] [55] This molecular pattern may be useful in divising targeted therapies for these tumors, which clinically tend to be over-represented in papillary carcinomas that are radioiodine insensitive. 52 (This topic will be covered elsewhere in this symposium.)
One final note about tall cell variant is that it is frequently not recognized as such, and as a corollary, it has been pathologically confused with other entities-Warthin-like papillary carcinoma, Hurthle cell, or oncocytic nodules and neoplasms. 50, 56 In our dataset of cases of papillary carcinoma referred to our institution, tall cell cytology was noted in only 14% of the cases we diagnosed as tall cell papillary carcinoma or as papillary carcinoma having tall cell features.
Warthin-like papillary carcinoma ( Figure 5 ) resembles a similar but benign tumor of the salivary gland, and it is always associated with a lymphoplasmacytic infiltrate in the cores of the papillae. It is often soft and cystic and not firm and sclerotic as is tall cell carcinoma. As it is not infrequently of small size and gland confined and in many cases circumscribed, its prognosis is similar to usual papillary carcinoma and not tall cell carcinoma. 57, 58 However, rare cases of Warthin-like papillary carcinoma can show at the infiltrative edges, foci of invasion with loss of lymphoplasmacytic infiltrate and extrathyroidal extension resembling tall cell variant papillary carcinoma in these areas. The numbers of such cases and follow-up data are too sparse to indicate what the clinical behavior of these tumors will be.
Nodules and tumors composed of oncocytes or Hurthle cells show growth patterns similar to follicular adenomas/carcinomas-circumscription/ encapsulation and not the infiltrative-type growth of tall cell tumors, which more closely resemble the infiltrative growth of usual papillary thyroid carcinomas. 25, 37 Diffuse sclerosis variant The diffuse sclerosis variant of papillary carcinoma represents only about 3% of all papillary carcinomas. The tumor, which most often affects children and young adults, may present as bilateral goiter. The tumor permeates the gland outlining the intraglandular lymphatics. Tumor papillae have associated areas of squamous metaplasia, which resemble 'morular' metaplasia of the endometrium. Numerous psammoma bodies are found. In fact, plain radiographs of the neck will show the thyroid lymphatics outlined by calcium. Grossly, the tumor is extremely hard reflecting the extensive calcification. Lymphocytic infiltrates are found around the tumor foci; indeed, the background thyroid shows well-developed chronic lymphocytic thyroiditis. Both the histology and immunohistology of the background thyroid are identical to Hashimoto disease. 59, 60 It is unclear if the thyroiditis preceded the tumor or developed as a reaction to the neoplasm.
The lesions are virtually all associated with regional nodal metastases at diagnosis. They often show extracapsular extension, distant, and nodal metastases (almost 100% will have regional node involvement at presentation) and recur in the neck These tumors have a somewhat more serious prognosis than usual childhood/adolescent papillary cancer [61] [62] [63] and a decreased disease-free survival when compared with the usual-type papillary carcinoma. However, mortality is low. 63 
Solid variant
A solid growth pattern is noted focally in many papillary carcinomas. When the solid growth represents 450% of the tumor mass, a diagnosis of solid variant of papillary carcinoma may be made. The solid variant is most commonly seen in children and has been reported in 430% of patients with papillary carcinoma after the Chernobyl nuclear accident. 64, 65 The nuclear features are those of papillary carcinoma, although the nuclei tend to be more rounded than oval.
Although some studies particularly from Japan have considered the solid papillary carcinoma as a poorly differentiated, tumor with a guarded prognosis, in North America and Europe, this has not been found. It is important to recognize these lesions as papillary carcinomas and not over-diagnose them as more aggressive tumors such as poorly differentiated (insular) carcinoma 66, 67 ( Figure 6 ). Solid variant of papillary carcinoma can be associated with follicular variant and even classic papillary tumor. It has a propensity for not only lymphatic but also venous invasion. 68 Does this variant occur in adults? Yes, and in the author's experience, over one-third of these arise in patients with systemic autoimmune disease. The interrelationship of these disorders is unknown.
The prognosis of solid variant of papillary cancer is almost as good as classic papillary carcinoma, both in children and in adults. [66] [67] [68] [69] They do not have the guarded prognosis of poorly differentiated carcinoma, even in the presence of necrosis. 68 
Follicular variant of papillary cancer
The follicular variant of papillary carcinoma is a controversial entity. [70] [71] [72] [73] The incidence of this variant is difficult to determine since in the past some of these lesions have been classified as follicular carcinomas or adenomas (or atypical adenomas). The diagnosis of this variant is easy if the nuclear features are characteristic and the growth pattern is noncircumscribed and infiltrative 74 ( Figure 7) . However, many of these tumors are circumscribed or even encapsulated; this subtype is diagnosable as a papillary carcinoma if the nuclear features are diffusely present throughout the tumor and characteristic and/or if there is invasion (of capsule and/or of capsular vessels) (Figure 8a) .
The cytological diagnosis of these lesions is often difficult as the nuclei of this variant rarely show all of the characteristics of papillary carcinoma; most notably, they rarely contain nuclear grooves. Hence, the cytologist will often render a diagnosis of 'suspicious for malignancy' or 'follicular neoplasm, papillary carcinoma suspected.' 26 It is the author's Figure 6 Solid variant of papillary carcinoma (H&E Â 100). Figure 7 Infiltrative subtype of follicular variant of papillary carcinoma (H&E Â 100). opinion that these are the tumors, which may benefit from intraoperative consultation as it has been the experience in our institution that about 40-50% of these cases can be diagnosed as papillary carcinoma intraoperatively using both classic frozen section and intraoperative cytological evaluation. 75, 76 The most controversial lesions in the follicular variant of papillary carcinoma group are those that are encapsulated, show no invasion, and/or have multifocal or imperfect nuclear features. 74 Studies have shown poor diagnostic agreement even among so-called 'expert thyroid pathologists.' [77] [78] [79] It has been suggested that these be diagnosed as 'adenomas,' 'atypical adenomas,' or 'tumors of indeterminant malignant potential.' Immunostaining (HBME-1 CK 19, galectin-3) or molecular studies for ret/PTC with microdissected samples have not solved the controversy. [80] [81] [82] A very small percentage of these lesions will behave in a clinically aggressive manner and it may be that they are truly cancers, but that they are so slowly growing that conservative treatment is warranted. 83 The controversy will continue until some 'magic marker' or technique allows for better diagnostic definitions.
A final topic in the follicular variant of papillary carcinoma saga involves the finding of a microfocus (o1 cm) of papillary carcinoma with classical nuclei (and sometimes even with papilla formation) within an otherwise completely benign follicular adenoma or adenomatous nodule. Some pathologists consider these lesions within the spectrum of atypical adenoma; others prefer to diagnose these as micropapillary carcinoma arising within an adenoma. As these are confined not only within the thyroid, but also within the adenoma, they should be expected to behave as incidental microcarcinomas and should be therapeutically approached as such.
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Summary
This paper gave an overview of the pathological issues related to papillary thyroid carcinoma, including an update on nuclei, the benign conditions that may mimic the cancer and the implications of several subtypes of the tumor. The immunohistochemical and molecular evaluations and analyses are covered by other papers in this symposium. The concept of follicular variant of papillary carcinoma is briefly discussed here as it too will be described in other papers from this symposium.
Disclosure/conflict of interest
The author declares no conflict of interest.
